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1
DC-DC CONVERTER EFFICIENCY
IMPROVEMENT AND AREA REDUCTION
USING A NOVEL SWITCHING TECHNIQUE

BACKGROUND OF THE INVENTION

(1) Field of the Invention

This invention relates generally to direct current-to direct
current (DC-to-DC) converters and relates more specifically
to DC-to-DC converters using a novel switching technique.

(2) Description of the Prior Art

Energy saving, i.e. increasing efficiency of electronic sys-
tems is getting more and more important. Designers of power
systems strive to minimize losses and heat. DC-to-DC con-
verters, which are produced in millions, play an important
role in the effort to save energy by improving their efficiency.

Switching DC-t0-DC converters can either be designed for
continuous switching or in pulse skip mode.

The efficiency reduces for both modes as the switching
increases with load.

In continuous mode, the clock is switching continuously
and hence the circuit has an associated switching loss.

In pulse skip mode, there is an additional overhead in area
and power for the regulator to control the pulse skipping. For
pulse skip switching, the clock is continuous till the output
achieves a final voltage, and then starts pulse-skipping (skip-
mode), where the clock is only available to the circuit when
the output voltage falls below a pre-determined level. This
clock goes away again once the output is back at the required
level. With load applied to the output, the circuit has to switch
a lot more to keep the output at the required level.

It is a challenge for the designers of circuits for switching
DC-t0-DC converters to improve the efficiency of these con-
verters, to reduce the area required of the circuits and to
reduce an average input current.

There are known patents or patent publications dealing
with switching DC-to-DC converters.

U.S. Pat. No. 7,528,590 to Wei proposes a DC-to-DC boost
converter circuit receiving a DC input voltage and converts it
to a DC output voltage at a different voltage level than the DC
input voltage. The DC to DC boost converter includes a
switching power converter for receiving the input voltage on
an input and converting the input voltage to an output as the
DC output voltage in response to pulse control signals. A
switching controller generates the pulse control signals dur-
ing a switching cycle. The switching controller further
includes pulse-skipping circuitry for generating a pulse width
modulated signal to the switching power converter.

U.S. Pat. No. 6,469,914 to Hwang et al. discloses a con-
troller for a pulse width modulating (PWM) power converter.
The controller monitors an output voltage and a current
through a magnetic element for modulating a duty cycle of'a
main power switch. The controller is an eight-pin integrated
circuit that controls either a forward converter or a post regu-
lator without internal modifications. The monitored current of
the forward converter forms a positive sensing signal. The
monitored current of the post regulator forms a negative sens-
ing signal. A current sense circuit of the controller forms an
absolute value of either sensing signal.

U.S. Pat. No. 6,420,858 to Kitagawa et al. describes a
DC-to-DC converter circuit having a power saving mode, and
which achieves a high conversion efficiency without using a
sense resistance. The DC-to-DC converter circuit includes a
triangular wave generation circuit to generate a triangular
wave signal and a differential amplifier to receive the trian-
gular wave signal and to generate an output signal.
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Furthermore there are four more patents dealing with star-
tup circuits for bandgap voltage reference generators:

U.S. Pat. No. 5,751,565 to Faulk describes a switching
converter that delivers power to a load at a regulated load
voltage based upon switch control pulses from a pulse width
modulator (PWM), a circuit monitors directly the level of the
load voltage and, when it rises to an upper threshold, the
circuit generates a feedback signal for the PWM that inter-
rupts its generation of switch control pulses until the load
voltage drops to a lower threshold voltage.

U.S. Pat. No. 5,077,652 to Faley discloses a direct current
(DC) to alternating current (AC) converter that receives a
direct current signal from an input power source to drive a
load. A power module, controlled by a central processing
unit, includes a DC-to-DC voltage booster that boosts the
direct current signal from approximately 12 volts to 150 volts.
A DC-to-AC inverter, which is also controlled by the CPU,
converts the boosted DC voltage from DC to a 60 Hz AC
output signal used to drive the load. The power module
includes a voltage feedback path and a current feedback path
for regulating the AC output voltage signal in response to
changes in the load.

U.S. Pat. No. 5,499,184 to Squibb discloses a power switch
circuit including a small signal transformer and a low power
oscillator for detecting the power switch while isolating it
from the primary ofthe power supply. When the power switch
is off, or is otherwise pressed to turn off the power supply, the
oscillator charges a capacitor. A sensing and control circuit
coupled to the oscillator and capacitor grounds a vital signal
of the power supply keeping the power supply turned off. In
one embodiment, when the switch is turned on, it shorts the
signal transformer disabling the oscillator, so that the capaci-
tor is discharged and the sensing and control circuit releases
the vital signal.

U.S. Pat. No. 5,498,995 to Szepesi et al. describes
Improved controller circuitry for a switching power supply.
The switching power supply is of the type having a trans-
former having primary and secondary windings for generat-
ing an output voltage at the secondary winding, a power
switch for driving the primary winding, and controller cir-
cuitry 100 for activating the power switch. The improved
controller circuitry includes an oscillator and frequency shift
means. The oscillator generates PWM pulses having a prede-
termined frequency for use in activating the power switch.

SUMMARY OF THE INVENTION

A principal object of the present invention is to achieve
methods and systems for a switched DC-to-DC converter to
improve its efficiency.

A further object of the invention is to achieve switched
DC-t0-DC converter using pulse-skip switching

A further object of the invention is to achieve a switched
DC-t0-DC converter requiring minimal area on an integrated
circuit.

A further object of the invention is to achieve a switched
DC-t0-DC converter having a reduced average input current.

A further object of the invention is to achieve a switched
DC-to-DC converter wherein no additional analog circuitry is
required the control of the switching pulses.

In accordance with the objects of this invention a method to
improve the efficiency of switched DC-to-DC converters has
been achieved. The method invented comprises, firstly, the
steps of (1) providing a switched-mode DC-to-DC converter
and a control logic controlling clock pulses of the DC-to-DC
converter, and (2) applying continuous switching pulses ini-
tiated by the control logic to the DC-t0-DC converter during
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a startup phase until a final output voltage is reached. Further-
more the method invented comprises the steps of (3) skipping
cycles of the switching pulses if they are not needed during
operational phase, and (4) applying a number of continuous
switching pulses depending on an actual load applied to the
output voltage.

In accordance with the objects of this invention a system
for a DC-to-DC conversion having an improved efficiency
has been achieved. The system invented comprises a switched
DC-t0-DC converter, and a control logic block, controlling
clock switching pulses of said switched DC-to-DC converter
allowing the DC-to-DC converter to skip cycles when they
are not needed and allowing a burst mode of clock switching
pulses dependent on a load, wherein an analog regulator is not
needed to control the clock switching pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part of
this description, there is shown:

FIG. 1 shows a block diagram of a switched DC-to-DC
converter of the present invention.

FIG. 2 shows time diagrams of an output voltage and of
related switching clock pulses.

FIG. 3 illustrates a flowchart of a method invented to
improve the efficiency of switched DC-to-DC converters.

FIG. 4 shows the structure of the DC-DC converter with the
switch capacitors, Cg, and the output capacitor C,

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Circuits and methods for switched DC-to-DC converter
having an improved efficiency are disclosed. The invention
can be applied for any kind of switched DC-to-DC converters,
such as buck converters, boost converters, buck-boost con-
verters, etc

A preferred embodiment of the invention is designed to be
used with a capacitive 160 switched charge pump (CP). A
switched capacitive charge-pump has a natural maximum
output voltage purely dependant on the input supply voltage
and number of capacitors switched; for example a 3V supply
with 2 switched capacitors has a unloaded output of 9V.

FIG. 1 shows a block diagram of a switched DC-to-DC
converter of the present 165 invention. FIG. 1 shows a
switched DC-to-DC converter 1, having a supply voltage
Vdd, an output voltage Vout and an output capacitor C,
smoothing the output voltage Vout, a control logic 2, having a
digital power supply voltage DVdd, controlling a clock of the
DC-DC converter 1.

In a preferred embodiment of the present invention the
DC-t0-DC converter 1 initially is used in a continuous mode
to bring the output voltage Vout to its final value. However a
switching clock of the DC-to-DC converter 1 is controlled by
adigital circuitry (control logic 2) to start pulse skipping after
the output voltage Vout has reached its target value desired.
The frequency of the skip can also be manually controlled.

The “frequency of the skip” is the period over which the
clock is suspended; i.e. has no activity. This is the number of
clock pulses that are missed between each generated single
pulse. For example a skip of 3 would generate every 47 pulse,
i.e. generate 1 clock then miss three clocks. The frequency of
the skip can be manually selected to provide the optimum
efficiency and power consumption.

It should be noted that the output voltage is not required to
be monitored and hence no digital or analog regulator, as in
most prior art power converters, is required. We generate the
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stream of continuous pulses for a fixed period of time; which,
given the ratio of capacitance of the switched capacitor size
(or value) to the capacitance of the output storage, determines
the time taken to reach the un-loaded output voltage. The
length of time that the continuous pulses are generated for is
user selectable (usually from a pre-determined list).

The control can also be used to allow for a few continuous
switching clocks (burst) to top-up the output voltage depend-
ing on the load applied to the output voltage. So the skip mode
and burst mode allows the converter to skip cycles when they
are not needed, which greatly improves the efficiency. There-
fore an input average current is reduced compared to prior art.

Since there is no requirement for an analog regulator to
control this switching, it reduces the overall area required on
anintegrated circuit (IC) and power consumption required for
the skipping in the traditional method. No regulation loop is
used in the system. The output voltage is based purely on the
input voltage and number of stages of switched capacitor used
and the load current on the charge pump output. It also
enables a more accurate control of the switching clock
through the logic circuitry. This enables to reduce the average
power consumption of the DC-to-DC converter in compari-
son to the traditional switching topologies.

FIG. 2 shows time diagrams of the output voltage Vout and
of the switching clock 205 pulses. The start-up phase of the
DC-t0-DC converter starts at t0 and at the end of the start-up
phase at point of time t1 the output voltage Vout has reached
its final value Vdef. During the start-up phase between t0 and
t1 continuous switching is applied. After the start-up phase
between t0 and t1 an operational phase begins.

Between t1 and t2 no significant load is present and no
pulses are generated. Between 12 and t3 a significant load is
present, the output voltage Vout goes slightly down and burst
pulses are applied to keep the output voltage Vout close to the
defined level Vdef. After t3 no significant load is present and
skip mode prevails, only interrupted by some occasional
pulses to keep the output voltage Vout close to the defined
level Vdef. Between the “burst” clock cycles the control logic
reverts back to “skip” clock cycles

FIG. 3 illustrates a flowchart of a method invented to
improve the efficiency of switched DC-to-DC converters. A
first step 30 describes the provision of a switched-mode DC-
to-DC converter and a control logic controlling clock pulses
of'the DC-to-DC converter. A next step 31 illustrates applying
continuous switching pulses initiated by the control logic to
the DC-to-DC converter during a startup phase until a final
output voltage is reached. Step 32 describes skipping cycles
of the switching pulses if they are not needed during opera-
tional phase. Step 33 discloses applying a number of continu-
ous switching pulses depending on an actual load applied to
the output voltage.

FIG. 4 shows the structure of the DC-DC converter with the
switch capacitors, Cs, and the output capacitor Cg. The ratio
of C; to Cx and the number of stages within the DC-DC
converter determines the number of clock cycles required to
bring the output voltage, V.1 to its final value; the final
value being the input supply voltage, V,,, multiplied by the
number of stages of switched capacitors, in this example 3.
For example if the input supply Vp is 3V and there are 3
switched capacitors the un-loaded output voltage, V ., will
be 12V. The circuit comprises of a clock generator which
provides the time base for the circuit operation; a control logic
block that contains the startup timer, the burst timer and the
skip timer; a clock gating circuit that controls the switching of
the converter; and a DC-DC converter which controls the
switching of the Cg capacitors. The startup, burst and skip
timers are user programmable to allow flexibility of the cir-



US 9,312,758 B2

5

cuit to accommodate different capacitor values, number of
switching stages, and different output load characteristics.

The burst/skip control is determined by the expected load
current demand on the charge pump output. As the system
controls the switching of the load on the charge pump, we
have prior knowledge when the charge pump load will
increase. To accommodate the increased load the CP clock is
set to “burst” which increases the available output current.

The invention exploits the fact that the output voltage of the
CP will not change if there is no load current. When the load
current increases (due to load switching transients) the CP is
run in “burst” mode, which significantly increases the output,
drive capability.

The trade-off of the invention is to minimize the total
number of charge pump clocks to output voltage during load
conditions. The losses due to switching the capacitors in the
charge pump are reduced by “skipping”, saving the transient
currents and hence overall supply current of the system, i.e.
between the “burst” clock cycles the control logic reverts
back to “skip” clock cycles.

While the invention has been particularly shown and
described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without
departing from the spirit and scope of the invention.

What is claimed is:
1. A method to improve the efficiency of a switched DC-to-
DC converter, comprising the following steps:
(1) providing the switched-mode DC-to-DC converter
comprising a charge pump and a control logic capable of
controlling clock pulses of the DC-to-DC converter;
(2) applying continuous switching pulses initiated by the
control logic to the DC-to-DC converter during a startup
phase for a predetermined period of time to reach a
desired output voltage;
(3) skipping cycles of the switching pulses if they are not
needed during an operational phase wherein a skip con-
trol is determined by an expected load current demand
on a charge pump output, wherein the expected load
current is known by the control logic controlling a
switching of a load on the charge pump, providing a
forecast when the charge pump load will change,
wherein the forecast is based on load switching tran-
sients; and
(4) applying a number of burst switching pulses, wherein a
burst control is determined by the expected load current
demand on the charge pump output;
wherein a stream of continuous pulses is generated for a fixed
period of time; which, given a ratio of a capacitance of
switched capacitor size to an output storage capacitance,
determines the time taken to reach an un-loaded output volt-
age target.
2. The method of claim 1 wherein said switched-mode
DC-to-DC converter is a buck converter.

3. The method of claim 1 wherein said switched-mode
DC-to-DC converter is a boost converter.

4. The method of claim 1 wherein said switched-mode
DC-to-DC converter is a buck-boost converter.
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5. The method of claim 1 wherein said switched-mode
DC-t0-DC converter is of a switched capacitive type.

6. The method of claim 1 wherein a switching clock of the
DC-t0-DC converter is controlled by the control logic to start
pulse skipping after the output voltage has reached the un-
loaded output voltage target.

7. The method of claim 6 wherein a frequency of the pulse
skipping can also be manually controlled.

8. The method of claim 1 wherein the control logic is also
used to allow for a few continuous switching clocks to top-up
the output voltage depending on the load applied to the output
voltage.

9. The method of claim 8 wherein an efficiency of the
DC-t0-DC converter is improved because the skip mode and
burst mode allows the DC-to-DC converter to skip cycles
when they are not needed.

10. The method of claim 1 wherein a total number of charge
pump clock pulses to an output voltage is minimized during
load conditions based on the expected load current, wherein
the control logic skips cycles of the charge pump clock pulses
between burst clock cycles.

11. The method of claim 1 wherein in order to accommo-
date a charge pump to an increased load based on the expected
load current a charge pump clock is set to burst mode which
increases an available output current.

12. A system for a DC-to-DC converter having an
improved efficiency, comprises:

a switched DC-to-DC converter comprising a charge

pump; and

a control logic block, configured to control clock switching

pulses of said switched DC-to-DC converter applying
continuous switching pulses initiated by the control
logic to the DC-to-DC converter during a startup phase
for a predetermined period of time to reach a final output
voltage and allowing the DC-to-DC converter to skip
cycles when they are not needed, wherein a skip control
is determined by an expected load current demand on a
charge pump output and wherein the expected load cur-
rent is known by the control logic controlling a switch-
ing of a load on the charge pump, providing a forecast
when the charge pump load will change, wherein the
forecastis based on load switching transients, and allow-
ing a burst mode of clock switching pulses, wherein a
burst control is determined by the expected load current
demand on the charge pump and wherein the control
block is configured to generate a stream of continuous
pulses for a fixed period of time; which, given a ratio of
a capacitance of switched capacitor size to an output
storage capacitance, determines the time taken to reach
an un-loaded output voltage target.

13. The system of claim 12 wherein said switched-mode
DC-to-DC converter is a buck converter.

14. The system of claim 12 wherein said switched-mode
DC-to-DC converter is a buck converter.

15. The circuit of claim 12 wherein said switched-mode
DC-to-DC converter is a buck-boost converter.

16. The circuit of claim 12 wherein said switched-mode
DC-t0-DC converter is of a switched capacitive type.
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